A prospective study was conducted to clarify the 1-year changes in lumbar spine and hip bone mineral density (BMD) and bone turnover markers in premenopausal amateur runners and to determine whether jumping and muscle-strengthening exercises have additive effects on the bone parameters in these runners. Thirty-six premenopausal amateur runners were recruited and were divided into the following two groups: a jumping plus muscle-strengthening exercise group (n =21) and a control group (n =15). All participants continued their running practice for 1 year, and the lumbar spine and total hip BMD and bone turnover markers were monitored. For all participants, the lumbar spine and total hip BMD increased modestly after 1 year (1.31% and 1.54%, respectively) in addition to increases in the bone-specific alkaline phosphatase, osteocalcin, and tartrate-resistant acid phosphatase 5b levels (13.2%-27.8%), indicating mild effects of running activity on bone turnover and BMD at clinically relevant skeletal sites. Jumping plus muscle-strengthening exercises did not significantly influence any bone parameters; however, it was difficult to draw definite conclusions because compliance was poor. These results suggest that long-distance running at the recreational level may be useful in maintaining bone health in premenopausal women.
Introduction
Osteoporosis is a skeletal disorder characterized by compromised bone strength predisposing a person to an increased risk of fracture. 1 Because estrogen deficiency after menopause causes rapid bone loss in women, osteoporosis commonly affects postmenopausal women and places them at an increased risk of fractures. Osteoporotic fractures, particularly vertebral and hip fractures, are known to increase morbidity and mortality. 2 Thus, the spine and hip are clinically important skeletal sites; appropriate management to prevent vertebral and hip fractures is considered to be crucial.
Peak bone mass is reached by age 30 years, with 90% of bone development completed by age 18. 3 For most women, bone mass remains stable until menopause, when the loss of estrogen in conjunction with aging is associated with a decline in bone mineral density (BMD). 4 Strate-gies for preventing osteoporotic fractures in women include maximizing peak bone mass, increasing bone mass before menopause, counteracting menopause-related bone loss, and preventing falls. 5 Primarily, sports and exercise in the presence of sufficient calcium and vitamin D intake play an important role in the prevention of osteoporotic fractures throughout a woman's life. Available evidence suggests that exercise stimulates bone growth in children (leading to an increase in peak bone mass), attenuates loss of BMD in postmenopausal women, and prevents falls in elderly women. 5 Cross-sectional studies among young female athletes have revealed that runners and swimmers have a lower BMD than athletes performing weight-bearing activities. 6 A systematic review study demonstrated that in young women, high-impact exercises such as jumping increase the femoral neck BMD, and muscle-strengthening exercises are useful for increasing the lumbar spine BMD. 7, 8 Recently, the number of young adult women who attempt to maintain their general health through running activities has increased. However, whether long-distance running enhances bone health in young adult women remains uncertain, because very few prospective longitudinal studies have demonstrated the effect of long-distance running at the recreational level on the lumbar spine and hip BMD in premenopausal women. In female athletes, Nikander et al. 9 showed that long-term sport-specific exercises involving ground impacts (e.g., endurance running, ball games, jumping) were associated with thicker cortex at the distal and diaphyseal sites of the tibia, whereas Wilks et al. 10 reported that the cortical BMD of the tibia in runners decreased systematically with running distance or training volume. Thus, the influence of endurance running on bone mass remains controversial. The purposes of the present study were (1) to clarify the 1-year changes in the lumbar spine and total hip BMD as well as bone turnover markers in premenopausal amateur runners and (2) to determine whether jumping and muscle-strengthening exercises have additive effects on the bone parameters in those runners.
Materials and Methods

Study design
This study was a 1-year prospective longitudinal study. The study was approved by the research ethics board of the Graduate School of Health Management, Keio University (Kanagawa, Japan). Written informed consent was obtained from all participants.
Participants
Forty-three premenopausal women were recruited from three running clubs and at two running events in Kanagawa and Tokyo, Japan. The inclusion criteria included premenopausal women, amateur runners who participated in running clubs and/or running events regularly, and running activity more than twice per week. The exclusion criteria included pregnancy, lactation, suffering from diseases such as rheumatoid arthritis, kidney disease, hyperthyroidism, fractures within 1 year, and medication related to bone metabolism (e.g., glucocorticoid, vitamin D 3 , bisphosphonates). The participants were assigned randomly to a running plus jumping and muscle-strengthening exercise group (exercise group) or a running only group (control group). The random assignment procedure was performed using random numbers generated by a computer program. The duration of the study was 1 year, and running activities were continued throughout the year. In the exercise group, the subjects were instructed to perform a maximum jumping exercise ten times a day, 3 days per week, and trunk muscle (four core muscles) strengthening exercises ten times a day, 3 days per week. The lumbar spine and total hip BMD, biochemical markers including bone turnover markers, physical function parameters (muscle strength and muscle power), and nutritional intake were evaluated over 1 year. The primary endpoint was the BMD. The secondary endpoints included biochemical markers and physical function parameters.
Measurement of BMD
The BMD of the lumbar spine (L2-L4) and the total hip (the sum of the neck, trochanter, and intertrochanteric values) was measured using dual-energy X-ray absorptiometry (DXA: QDR 4500A; Hologic, Bedford, MA, USA) (Fig. 1) . 11 Measurements of the lumbar spine and hip BMD have a precision error of 1%-1.5% based on adult scans. 12 The BMD was measured at baseline and at 1 year after the start of the trial.
Measurement of biochemical markers
Blood and urine samples were obtained from each participant after the participant had fasted in the morning. The serum level of bone-specific alkaline phosphatase (BAP) as a bone formation marker was measured using an enzyme immunoassay (EIA) or a chemiluminescent enzyme immunoassay (CLEIA). EIA was available at the beginning of the trial, but CLEIA only became available thereafter. BAP levels measured using EIA were converted into BAP levels measured using CLEIA with the following formula: BAP measured using CLEIA =0.778×(BAP measured using EIA) − 7.059. 13 The serum level of osteocalcin as a bone formation marker was measured using EIA. The serum level of tartrate-resistant acid phosphatase 5b (TRAP5b) and the urinary level of cross-linked N-terminal telopeptides of type I collagen (NTX) as bone resorption markers were both measured using EIA. The serum levels of 25-hydroxyvitamin D (25-OHD), undercarboxylated osteocalcin (ucOC), follicle stimulating hormone (FSH), and thyroid stimulating hormone (TSH) were measured using a competitive protein binding assay, an electro chemiluminescence immunoassay, a chemiluminescent immune assay (CLIA), and CLIA, respectively.
The standard values of BAP (CLEIA), osteocalcin, TRAP5b, and urinary NTX in premenopausal healthy women are 2.9-14.5 µg/L, <7.0 ng/mL, 120-420 mU/dL, and 9.3-54.3 nmol BCE/mmol Cr, respectively. 14 The cutoff values for vitamin D and vitamin K insufficiency are 25-OHD <28 ng/mL and ucOC >4.5 ng/mL, respectively. 14, 15 The normal range of FSH is 3.2-14.4 μIU/mL for the follicular phase, 3.4-17.1 μIU/mL for the ovulatory phase, and 1.4-8.4 μIU/mL for the luteal phase. The normal range of TSH is 0.436 − 3.78 μIU/mL. Biochemical markers were measured at baseline and at 1 year after the start of the trial.
Evaluation of physical function
Muscle strength was evaluated by measuring the isometric maximum extension and flexion strength of the right knee joint using a hand-held dynamometer (μTas F-100; Anima, Tokyo, Japan). The measurement was performed while the participants assumed a sitting position with the knee and hip joints flexed at 90° (knee extension strength) and a prone position with the knee joint flexed at 90° (knee flexion strength). The measurement was performed twice, and the higher value of the two measurements was adopted.
Muscle power was evaluated by measuring the leg extension power using a dynamometer (Aneropress 3500; Combi Wellness, Tokyo, Japan). Participants sat on the seat of the dynamometer with bilateral feet fixed on the footplate and the knee joints flexed at 90°. Then, they were instructed to push the footplate as strongly and quickly as possible. The parameter was measured five times, and the highest value of five measurements was adopted. These physical function parameters were evaluated at baseline and at 1 year after the start of the trial.
Assessment of nutritional intake
A food frequency questionnaire for the prevention and management of osteoporosis, developed by Uenishi et al., 16 was used to evaluate nutritional status. The daily intakes of energy, protein, calcium, vitamin D, and vitamin K were calculated using this questionnaire. Nutritional intakes were evaluated at baseline and at 1 year after the The BMD of the lumbar spine (L2-L4) and the total hip was measured using QDR 4500A DXA. First, the participants reclined on the DXA table with a large square cushion under their lower legs with the thighs as close to a 90° angle to the body as possible (left panel). Then, the lumbar spine was scanned and the L2-L4 BMD was measured. Second, the participants reclined on the DXA table placing the hip scan positioning device at the far end of the table near the participants' feet. The leg to be examined was rotated inward so that the foot could be placed against the positioning device and secured with a strap (right panel). The abduction of the leg was adjusted so that the shaft of the femur was parallel with the center of the table. The hip to be examined was then scanned and the BMD of the total hip (the sum of the neck, trochanter, and intertrochanteric values) was measured.
start of the trial.
Monitoring of adherence
The frequency and distance of the daily running practice and compliance with the jumping and musclestrengthening exercises were monitored using a self-report sheet. The sheets were collected every 6 months.
Statistical analyses
Data are expressed as means ±standard deviations (SD) in the tables and means ±standard errors (SE) in the figures. An unpaired t test was used to compare parameters between the two groups. One-way analysis of variance (ANOVA) with repeated measurements was used to examine the longitudinal changes in parameters in all participants. Two-way ANOVA with repeated measurements was used to examine differences in the changes in parameters between the two groups. A significance level of p < 0.05 was used for all the comparisons. All statistical analyses were performed using the IBM SPSS Statistics 20 (International Business Machines, Armonk, NY, USA) and the Stat View J-5.0 programs (SAS Institute, Cary, NC, USA).
Results
Breakdown of study participants
Five women (25.0%) in the control group and two women (8.7%) in the exercise group dropped out from the trial. The reasons for the dropouts were non-compliance (n =3), health problems (n =2), trauma (n =1), and house moving (n =1). None of the reasons were related to running practice or the jumping plus muscle-strengthening exercises. Fifteen women (75.0%) in the control group and 21 women (91.3%) in the exercise group completed the trial and were included in the analyses. Table 1 shows the baseline anthropometry, BMD, and bone turnover markers of the study participants who completed the trial. For all participants, the mean duration of running activity was 5.2 years. None of the study participants had any menstruation disorders. The mean age at baseline was 37.9 years and the mean body mass index was 20.8 kg/m 2 . The mean lumbar spine and total hip BMD at baseline were 0.992 g/cm 2 and 0.843 g/ cm 2 , respectively. These values corresponded to Z-scores (compared with age-matched controls) of −0.14 and −0.20. The mean serum BAP, osteocalcin, TRAP5b, and urinary NTX levels were within the normal ranges. There were no significant differences in the baseline anthropometry, BMD, or bone turnover markers between the two groups. Table 2 includes baseline biochemical markers other than the bone turnover markers, physical functions and nutritional intakes. Although the mean serum ucOC level (2.85 ng/mL) was within the normal range in all participants, 14 the mean serum 25-OHD level (21.3 ng/mL) was lower than the cut-off value for vitamin D insufficiency (28 ng/mL). 15 There were no significant differences in biochemical markers, physical functions, or nutritional intakes between the two groups. Data are expressed as the means ±SD. An unpaired t test was used to compare parameters between the two groups. There were no significant differences in any parameters between the two groups. BMD, bone mineral density; BAP, bone-specific alkaline phosphatase; TRAP5b, tartrate-resistant acid phosphatase 5b; NTX, cross-linked N-terminal telopeptides of type I collagen.
Baseline characteristics of the study participants who were included in the analyses
Compliance with running and jumping and musclestrengthening exercises
The 1-year running distance (mean ±SD) was 1344.0 ± 876.0 km in the exercise group and 1103 ± 1033.1 km in the control group. There was no significant difference in the 1-year running distance between the two groups. Although the participants in the exercise group were instructed to perform the jumping and muscle-strengthening exercise 3 days per week, or 156 days per 52 weeks (1 year), the jumping exercise was only performed on 26.5 days (17%) and the muscle-strengthening exercise was performed on 78.0 days (50%) during the year.
Changes in BMD and bone turnover markers
In all participants, the lumbar spine and total hip BMD had significantly increased from the baseline values after 1 year (Fig. 2 and Table 3 , one-way ANOVA with repeated measurements). The percentage increases in the lumbar spine and total hip BMD from the baseline values were 1.31% and 1.54%, respectively. However, there were no significant differences in the increases in the lumbar spine and total hip BMD between the two groups ( Fig. 2 and Table 3 , two-way ANOVA with repeated measurements).
In all participants, the serum BAP, osteocalcin, and TRAP5b levels had significantly increased from the baseline values after 1 year (Fig. 3 and Table 3 , one-way ANOVA with repeated measurements). The urinary NTX level increased from the baseline value, but this change was not statistically significant ( Fig. 3 and Table 3 , oneway ANOVA with repeated measurements). The percentage increases in the serum BAP, osteocalcin, TRAP5b, and urinary NTX levels from the baseline values were 17.8%, 13.2%, 27.8%, and 11.7%, respectively. However, no significant differences in these increases were observed between the two groups ( Fig. 3 and Table 3 , twoway ANOVA with repeated measurements).
Changes in biochemical markers (other than bone turnover markers), physical functions, and nutritional intakes
In all participants, the serum 25-OHD, ucOC, FSH, and TSH levels did not significantly change from the baseline values after 1 year ( Table 2 , one-way ANOVA with repeated measurements). There were no significant differences in the changes in any biochemical markers between the two groups ( Table 2 , two-way ANOVA with repeated measurements).
In all participants, there were no significant changes in the knee extension and flexion strength and leg press power from the baseline values after 1 year of study ( Table 2 , one-way ANOVA with repeated measurements). There were no significant differences in the changes in any Data are expressed as the means ±SD. An unpaired t test was used to compare parameters between the two groups. ANOVA with repeated measurements was used to examine the longitudinal changes in parameters in all participants. Two-way ANOVA with repeated measurements was used to examine differences in changes in parameters between the two groups. There were no significant differences in either baseline parameters or changes in any parameters between the two groups. 25-OHD, 25-hydroxyvitamin D; ucOC, undercarboxylated osteocalcin; FSH, follicle stimulating hormone; TSH, thyroid stimulating hormone.
physical functions between the two groups ( Table 2 , twoway ANOVA with repeated measurements). In all participants, there were no significant changes in the energy, protein, calcium, vitamin D, and vitamin K intakes from the baseline values after 1 year ( Table 2 , one-way ANOVA with repeated measurements). Also, there were no significant differences in the changes in any nutritional intakes between the two groups ( Table 2 , two-way ANOVA with repeated measurements).
Discussion
Peak bone mass is reached by age 30 years in women 3 and bone mass remains stable until menopause, when the loss of estrogen in conjunction with aging is associated with a decline in BMD. 4 A prospective study was conducted to clarify the 1-year changes in the lumbar spine and total hip BMD and bone turnover markers in premenopausal amateur runners (mean age: 37.9 years) and to determine whether jumping plus muscle-strengthening exercises would have positive effects on the bone parameters in these runners. For all participants, the average lumbar spine and total hip BMD modestly increased, together with modest increases in the average serum BAP, osteocalcin, and TRAP5b levels. However, the jumping plus muscle-strengthening exercises did not significantly influence the bone parameters, possibly because of poor compliance. These results suggest that long-distance run- Table 3 , one-way ANOVA with repeated measurements). The percentage increases in the lumbar spine and total hip BMD from the baseline values were 1.31% and 1.54%, respectively. However, there were no significant differences in the increases in the lumbar spine (left panel) and total hip BMD (right panel) between the two groups ( Table 3 , two-way ANOVA with repeated measurements). One-way ANOVA with repeated measurements was used to examine the longitudinal changes in parameters in all participants. In all participants, changes in the lumbar spine and total hip BMD, serum BAP, osteocalcin, and TRAP5b levels were statistically significant. Two-way ANOVA with repeated measurements was used to examine differences in changes in parameters between the two groups. There were no significant differences in changes in any parameters between the two groups.
ning at the recreational level may be useful for maintaining bone health in premenopausal women. Whether long-distance running at the recreational level enhances bone health in young adult women is uncertain. Female athletes, especially long-distance runners, have a risk of developing the female athlete triad, i.e., low energy availability, functional hypothalamic amenorrhea, and osteoporosis. 17 Low energy availability leads to a reduction in fat mass, resulting in a decrease in leptin secretion. Leptin is synthesized by adipocytes and regulates bone formation via the sympathetic nervous system. 18 Amenorrhea, low body mass index, low calcium intake (<1300 mg/day), and low energy intake (<2000 kcal/day) are all risk factors for increased bone resorption. 19 Young adult women with the female athlete triad may lose bone as a result of an increase in bone resorption because of estrogen deficiency and a decrease in bone formation because of low leptin secretion, leading to the uncoupling of bone resorption and formation. The participants in the present study did not have any menstruation problems, but their body mass index (20.8 kg/m 2 ) was on the low side (standard value for Japanese population: 22.0 kg/ m 2 ). Furthermore, the calcium and energy intakes were also considered to be low. However, although we did not evaluate the serum levels of leptin, the BMD was not low and bone turnover markers such as BAP, osteocalcin, TRAP5b, and urinary NTX were within the normal ranges at baseline. Thus, the bone health of the premenopausal amateur runners did not appear to be impaired at baseline.
The average lumbar spine and total hip BMD for all participants increased modestly (1.31% and 1.54%, re- Table 3 , one-way ANOVA with repeated measurements). The urinary NTX level increased from the baseline value, but this change was not statistically significant ( Table 3 , one-way ANOVA with repeated measurements). The increases in the serum BAP, osteocalcin, TRAP5b, and urinary NTX levels from the baseline values were 17.8%, 13.2%, 27.8%, and 11.7%, respectively. However, there were no significant differences in these increases between the two groups ( Table 3 , two-way ANOVA with repeated measurements). BAP, bone-specific alkaline phosphatase; TRAP5b, tartrate-resistant acid phosphatase 5b; NTX, crosslinked N-terminal telopeptides of type I collagen. spectively) together with increases in the average bone turnover markers. Although the percentage increases in the serum BAP, osteocalcin, TRAP5b, and urinary NTX levels from the baseline values were 17.8%, 13.2%, 27.8%, and 11.7%, respectively, modest increases in the bone turnover markers were confirmed by consistent changes in the bone formation and resorption markers. Generally, sports and exercise contribute to acquisition or maintenance of BMD. 5 However, comparisons of the BMD among collegiate female athletes revealed that long-distance runners had a lower BMD than athletes performing weight-bearing activities. 6 In elite female endurance athletes, a significant correlation was observed between the number of hours of training per week and decreases in BMD. 20 The study participants in the present study were premenopausal amateur runners without any menstruation problems, and the mean annual running distance was 1103-1344 km (92-112 km per month), suggesting running activity at the recreational level. The running activities of our study participants were considered to be within the recommended levels for developing and maintaining health set by the American College of Sports Medicine. 21 Running activity at the recreational level appeared to be useful for enhancing bone health at clinically relevant skeletal sites without causing an elevation in the stress hormone cortisone. 22 However, the calcium and vitamin D nutritional status would likely need to be improved to obtain further BMD increases.
The type of sports activity is an important determinant of bone health: strength-based and high-impact sports are associated with a higher BMD. 6 In young women, highimpact exercises such as jumping increase the femoral neck BMD, and muscle-strengthening exercises increase the lumbar spine BMD. 8 In particular, brief high-impact exercises (<30 min) improve the BMD at the hip but not at the lumbar spine. 7 Thus, a jumping exercise was added with the aim of enhancing the increase in the hip BMD and back muscle-strengthening exercises were added with the aim of increasing the lumbar spine BMD in premenopausal amateur runners. However, no significant effect of jumping plus muscle-strengthening exercises on the BMD or bone turnover markers was obtained. This result may be mainly attributable to the poor compliance with the exercise protocol. According to our survey, the main reasons for the poor compliance were a lack of appropriate facilities where the runners could perform the jumping and muscle-strengthening exercises and busy schedules for daily activities or attending school. The participants should have been motivated by thinking about their bone health in later life in terms of the primary prevention of osteoporosis.
Sun exposure significantly influences vitamin D nutritional status, and vitamin D may improve athletic performance in athletes. 23 In all participants of the present study, outdoor long-distance running had been performed at baseline, which means they might have been exposed to sun longer than age-matched non-running premenopausal women. However, they were considered to have vitamin D insufficiency according to the mean serum 25-OHD level at baseline. Changes in the serum 25-OHD levels did not differ significantly between the running plus exercise and the running only group. Vitamin D nutritional status did not appear to influence bone parameter changes between the two groups. Further analyses may be needed to determine the reasons for the nonsignificant effect of jumping plus muscle-strengthening exercises on bone parameters.
The strength of the present study was its prospective design for clarifying 1-year changes in the lumbar spine and total hip BMD and bone turnover markers in premenopausal amateur runners. The crucial limitations of the present study include the absence of a non-exercise control group, the small number of participants, the poor compliance with the jumping plus muscle-strengthening exercises, and the absence of calcium and vitamin D supplementation. Both the calcium intake (495 mg/day) and the serum 25-OHD level (21.3 ng/mL) were relatively low in our study subjects. Further studies are needed, particularly to examine whether jumping and/or musclestrengthening exercises can enhance bone health in premenopausal amateur runners.
In conclusion, the present prospective study clarified the 1-year changes in the lumbar spine and total hip BMD and bone turnover markers in premenopausal amateur runners. The lumbar spine and total hip BMD modestly increased, together with modest increases in bone turnover markers, indicating mild effects of running activity on bone turnover and the BMD of clinically relevant skeletal sites. The results of the present study suggest that long-distance running at the recreational level is useful for maintaining bone health in premenopausal women.
